Background-Granulation tissue cells at the subacute stage of myocardial infarction (MI) are eliminated by apoptosis to finally make a scar at the chronic stage. We hypothesized that postinfarct inhibition of apoptosis might preserve myofibroblasts and endothelial cells in granulation and modulate chronic left ventricular (LV) remodeling and heart failure. Methods and Results-A pancaspase inhibitor, Boc-Asp-fmk (BAF, 10 mol/kg per day), or vehicle (control) was given to rats with experimental large MI. The treatment was started on the third day after MI and continued until 4-week-old MI. Two weeks later, the apoptosis of granulation tissue cells was significantly reduced and conversely, the cell population was greater in BAF. Twelve weeks later, BAF showed significantly greater survival rates (84% versus 42%) with significantly smaller LV cavity, lower LV end-diastolic pressure and central venous pressure, and higher LV dP/dt, which indicated improvement of LV remodeling and dysfunction. A scar was established in old infarct of control subjects, but in BAF, the infarct wall was thicker because of greater old infarct area, which contained abundant myofibroblasts and vessels. Surprisingly, many of the ␣-smooth muscle actin-positive myofibroblast-like cells in BAF, making bundles and running parallel to the survived cardiomyocytes, were ultrastructurally mature smooth muscle cells with contractile phenotype. Cardiomyocyte apoptosis in the infarct area was equally rare in each group. Conclusions-The postinfarct treatment with BAF improved LV remodeling and dysfunction through inhibition of granulation tissue cell apoptosis. These findings imply a new therapeutic strategy against postinfarct heart failure. 
L
arge myocardial infarction (MI) causes severe chronic heart failure with left ventricular (LV) remodeling, which is characterized by a ventricular dilation and diminished cardiac performance. 1 Chronic heart failure secondary to large MI is one of the most serious and important diseases, and such patients account for approximately half of the candidates for heart transplantation. 2 Many factors such as death or hypertrophy of cardiomyocytes, fibrosis, and expression of various cytokines during chronic heart failure are associated with the disease progression, [3] [4] [5] [6] in addition to the size of acute MI, which is determined within several hours after the attack of MI. 7 At present, many researchers believe that cardiomyocyte death caused by apoptosis during chronic heart failure plays an important role in the disease progression. 8 -10 However, it is mysterious that to our knowledge, there has been no report on the beneficial effect of apoptosis inhibitors on the progression of chronic heart failure. Meanwhile, some researchers including us consider the role of cardiomyocyte apoptosis to be unclear in chronic heart failure because of its rare incidence. [11] [12] [13] [14] MI tissues transform from dead (infarcted) cardiomyocytes and infiltrated inflammatory cells at the acute stage into scar tissues, with few cell components at the chronic stage through granulation tissue consisting of numerous myofibroblasts with contractile elements and rich vessels at the subacute stage. Previously, we reported that the mechanism of loss of these interstitial noncardiomyocytes in MI tissues is apoptosis. 15 Thus, we hypothesized that inhibition of apoptosis at the subacute stage of large MI maintains enhanced granulation tissues and modulate postinfarct ventricular remodeling and dysfunction at the chronic stage.
We report that Boc-Asp-fmk (BAF), a pancaspase inhibitor, intraperitoneally injected during the subacute and early chronic stages of large MI, improves the survival rate and ventricular remodeling at the chronic stage by blocking the effect of granulation tissue cell apoptosis in the rat hearts, in which cardiomyocyte apoptosis is rare. In addition, we found phenotypic alteration of granulation tissue cells into mature smooth muscle cells with contractile phenotype in the extravascular area of old infarct tissues. The new therapeutic concept of inhibition of granulation tissue cell apoptosis but not of cardiomyocyte apoptosis may become one breakthrough in the treatment of patients with chronic heart failure after large MI.
Methods

Experimental MI
We used rats with MI caused by coronary ligation for 60 minutes followed by reperfusion. This model presents a large acute infarct occupying Ͼ40% of the LV wall and subsequent heart failure. 4 Male Wistar rats weighing 250 to 300 g (Chubu Kagaku, Nagoya, Japan) were anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg), intubated, and ventilated with a volume-cycled small-animal respirator. The heart was exposed through a left thoracotomy, and the left coronary artery was occluded with a Prolene 6-0 suture and reperfused after 60 minutes of ligation. Myocardial ischemia was confirmed by regional cyanosis and electrocardiographic change (ST elevation). Reperfusion was confirmed by myocardial blush over the risk area after releasing ligation. In addition, reperfusion arrhythmia was helpful, which usually appeared Ϸ10 minutes after successful ischemia-reperfusion. Positive end-expiratory pressure was applied to fully inflate the lungs, and the chest was closed in layers. MI was made in 35 rats, in which blood was drawn to measure plasma creatine phosphokinase (CPK) levels at 6 hours after reperfusion. This was to deduce the magnitude of acute MI. Our preliminary study revealed the plasma CPK level in the present experimental model peaked Ϸ6 hours after reperfusion. In sham-operated animals (nϭ10), the suture was passed but not tied. Rats had free access to standard laboratory food and tap water.
Pancaspase Inhibitor Administration
BAF (Enzyme Systems Products), a pancaspase inhibitor, 16 was dissolved in the solvent dimethylsulfoxide (DMSO) and administered to the rats intraperitoneally (10 mol/kg). BAF treatment was started on the third day after making MI and continued every day for 4 weeks. On the third day of MI, 24 rats were survived. They were randomly assigned into the vehicle-treated (solvent) and BAF-treated groups (nϭ12 each). The assignment was later validated by the similar plasma CPK levels between the groups (923Ϯ82 U/L in the control versus 968Ϯ98 U/L in the BAF-treated, PϭNS), both of which were greater than that of sham-operated group (310Ϯ18 U/L).
In addition, to confirm the apoptosis-preventing effect of BAF, we examined 2-week post-MI rats with or without BAF treatment (nϭ6 each).
Ongoing apoptosis is suspected in the surviving cardiomyocytes even after establishment of acute MI. 17 To check this possibility in the present model, we examined 5 additional hearts on the third day of MI.
Echocardiography
Rats were anesthetized with intraperitoneal administration of sodium pentobarbital (15 mg/kg), and the LV dimensions, wall thickness, and function were measured by transthoracic echocardiography (Aloka) performed 12 weeks after MI with a 7.5-MHz sector scan probe.
Hemodynamic Measurements
After cardiac echocardiography, the right carotid artery and jugular vein were cannulated with a micromanometer-tipped catheter (SPR 407, Millar Instruments) and advanced into the aorta and thoracic vena cava for recording arterial and central venous pressure, respectively. The aortic catheter was then advanced into the left ventricle for recording pressures and the maximal rate of the rise in LV pressure (ϩdP/dt max ). All tracings were recorded on a physiological recorder, and the heart rate was obtained from an arterial pressure tracing.
Histology
After measurements, all surviving rats were killed at 12 weeks after making MI, and the hearts were removed. The hearts were cut into two transverse slices, and the basal specimens were fixed with 10% buffered formalin. They were dehydrated and embedded in paraffin. After deparaffinization, 4-m-thick sections were stained with hematoxylin-eosin and Masson's trichrome. Quantitative assessments were performed with the use of a multipurpose color image processor (LUZEX F, Nireco).
Immunohistochemistry
The sections were incubated with primary antibodies against active form of caspase-3 (Pharmingen) at a dilution of 1:100; ␣-smooth muscle actin (1A4, DAKO Japan) at 1:200; proliferating cell nuclear antigen (PCNA, DAKO Japan) at 1:100; von Willebrand factor (DAKO Japan) at 1:500; macrophage antigen (ED-1, Serotec) at 1:100; and myoglobin (DAKO Japan) at 1:600. The LSAB 2 kit (DAKO Japan) was then used for immunostaining.
In Situ DNA Nick End-Labeling Assay
In situ DNA nick end-labeling (TUNEL) assay was performed in deparaffinized 4-m-thick sections with an ApopTag kit (Intergene), as we previously reported. 15 
Electron Microscopy
Two hearts from each group of 2-week MI and 3 from each group of 12-week MI were cannulated through the aorta and perfusion-fixed with 2.5% glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.4) for 30 minutes, followed by immersion in the same fixative overnight at 4°C. They were cut into 1-mm cubes and postfixed in 1% buffered osmium tetroxide, dehydrated through graded ethanol, and embedded in epoxy resin. Thin sections (80 nm), double-stained with uranyl acetate and lead citrate, were examined under an electron microscope (H-800, Hitachi).
Statistical Analysis
Values are given as meanϮSD. Analyses of survival after the third day after MI were carried out by the Kaplan-Meier method with the log-rank Cox-Mantel method. The significance of differences in the findings was evaluated by 1-way ANOVA followed by the NewmanKeuls multiple comparison test. A difference of PϽ0.05 was considered significant.
Results
Blockade of Postinfarct Granulation Tissue Cell Apoptosis by Pancaspase Inhibitor
We first investigated whether administration of a pancaspase inhibitor, BAF, inhibits apoptosis of granulation tissue cells at the subacute stage of MI (2 weeks after infarction) in these animals. Intraperitoneal injection of BAF (10 mol/kg), once per day from the third to fourteenth days after MI, significantly reduced the incidence of TUNEL-positive cells in the infarct area consisting of granulation tissue (Figure 1, A, B , and D); the apoptotic index in the 2-week-old infarct area of BAF-treated rats was 0.69%, compared with 1.9% for vehicle (DMSO)-treated rats (PϽ0.05). The noncardiomyocyte population in the infarct area was greater in BAF-treated rats (8909Ϯ873 cells/mm 2 ) than in vehicle-treated rats (6219Ϯ582 cells/mm 2 ) ( Figure 1F) . A positive reaction to the active form of caspase-3 was observed in the granulation tissue cells, many but not all of which presented apoptotic morphology ( Figure 1C) , and the incidence of the cells positive for the active form of caspase-3 was significantly reduced in the BAF-treated rats ( Figure 1E ), confirming the inhibitory effect of BAF on caspase-3 activation. Electron microscopy revealed typical ultrastructural features of apoptosis of capillary endothelial cells, myofibroblasts, and macrophages in granulation tissue of each group (Figure 1 , G, H, and I). A smaller incidence of apoptotic cells in BAFtreated rats was also confirmed by electron microscopy. These findings suggest that apoptosis of postinfarct granulation tissue is caspase-3-dependent and that the inhibition results in an increase in the granulation tissue cell population. In contrast, cardiomyocyte apoptosis was substantially absent in the hearts on the third day of MI and in those with 2-week-old MI in both vehicle-treated and BAF-treated groups in TUNEL-stained preparations and under an electron microscope. Within the infarct area on the third day of MI, surviving cardiomyocytes were rarely observed ( Figure 1J) . Moreover, the proportion of cardiomyocytes in the infarcted segment was very small and not significantly different between the groups: 0.055Ϯ0.034% in the control group and 0.047Ϯ0.022% in the BAF-treated hearts ( Figure 1, K and L) . These findings clearly deny the presence of ongoing apoptosis of cardiomyocytes during the late acute and subacute stage of MI in the present model and exclude the possible influence of BAF on the apoptosis of the cardiomyocytes left in the infarct area.
Survival Rate and Cardiac Function at the Chronic Stage of MI
Administration of BAF, begun at the third day after infarction and continued for the first 4 weeks, increased the number of surviving rates at 12 weeks after the onset of infarction; the 12-week survival rate of postinfarct rats treated with BAF was 84%, compared with 42% for vehicle-treated rats (PϽ0.05) (Figure 2 ). At 12 weeks after the onset of MI, vehicle-treated rats showed severe LV remodeling with marked enlargement of the LV cavity and thinning of the infarct wall ( Figure 3 , A and B) and signs of decreased cardiac function ( Figure 3C ): lower LV fractional shortening (%FS) and lower ϩdp/dt max ( Figure 3D ), a higher LV end-diastolic pressure ( Figure 3E) , and an increased central venous pressure ( Figure 3F ). Administration of BAF improved each of these conditions, indicating the improvements of postinfarct remodeling and cardiac function. Systemic blood pressure and heart rate were similar between the vehicle-treated and BAF-treated groups. Treatment with the same dose of BAF for 4 weeks in rats did not cause any hemodynamic alteration or morphological change in the hearts, compared with vehicle treatment (nϭ5 each) (data not shown).
Cardiac Pathology at the Chronic Stage of MI
Twelve weeks after operation, the body weight of the BAFtreated rats was greater than that of the vehicle-treated rats (397Ϯ8 g versus 367Ϯ9 g), whereas heart weight was significantly smaller in the BAF-treated group than in the vehicle-treated group (1.26Ϯ0.05 g versus 1.34Ϯ0.07 g). Since the sham-operated rats treated with vehicle showed significantly greater body weight (449Ϯ10 g) than the rats with MI and subsequent heart failure, the low body weight of the rats with MI may have resulted from cardiac cachexia. 18 As a result, the heart weight-to-body weight ratio was significantly decreased in the BAF-treated rats (Figure 4 , A, B, and I). Both the absolute area and the percentage of old infarct size to the whole LV wall was significantly greater in the BAF-treated rats (10.5Ϯ1.1 mm 2 and 30.2Ϯ2.1%) compared with those of the vehicle-treated rats (8.4Ϯ1.6 mm 2 and 24.6Ϯ5.5%) ( Figure 4L ). The LV wall with old MI was thicker in BAF-treated rats than in vehicle-treated rats ( Figure  4J ). The old infarct area of vehicle-treated rats was replaced by fibrous scar tissue containing scanty fibroblasts and vessels ( Figure 4 , C and E). However, that of BAF-treated rats contained not only collagen fibers and fibroblasts but also abundant extravascular ␣-smooth muscle actin-positive cells (myofibroblasts) and many small vessels (Figure 4 , D, F, K, and N). Noncardiomyocyte cell and vessel populations of the old infarct area were Ͼ2-fold and nearly 3-fold greater in BAF-treated rats (5418Ϯ745/mm 2 and 33.6Ϯ15.5/mm 2 ) compared with that in vehicle-treated rats (2581Ϯ418/mm 2 and 12.8Ϯ6.6/mm 2 ) (Figure 4 , C and D). In general, acute infarct size is determined within several hours after reperfusion after ischemia. 7 In the current study, the BAF treatment was started on the third day after the onset of MI. Therefore, the greater size of the old infarct and thickening of the infarct wall segment in the BAF-treated group were due to an increase in the granulation tissue of the infarct by inhibition of apoptosis. Some of the myofibroblasts accumulated and formed bundles running parallel to the surviving cardiomyocytes. These bundles were never observed in the infarct wall of vehicletreated rats. Endothelial cells were also abundantly preserved in the infarct area of the BAF-treated rat hearts (Figure 4 , G and O). However, macrophages, which were one of the major cell components of granulation tissue, were few even in the infarct area of BAF-treated rat hearts, and the incidence was similar to that of vehicle-treated rat hearts (Figure 4 , H and P). The size of surviving cardiomyocytes measured as the transverse diameter was significantly greater in the vehicletreated (23.1Ϯ3.1 m) than in the BAF-treated (19.2Ϯ2.7 m) rats ( Figure 4M ). On the other hand, there was no special difference in thickness ( Figure 4J ) and in the degree of fibrosis of the noninfarcted LV wall between the groups. No histological abnormality was found in the extracardiac organs such as lungs, liver, intestines, and kidneys of the BAFtreated rats. Basic ultrastructural features of 12-week-old infarct areas of the vehicle-treated rat hearts were fibroblasts, scanty small vessels, and few myofibroblasts that were surrounded by massive collagen fibrils. However, those of the BAF-treated rat hearts were abundant with myofibroblasts and small vessels. Inflammatory cells such as macrophages were extremely few in 12-week-old infarct areas of both groups. Surprisingly, light microscopic myofibroblasts with ␣-smooth muscle actin, which made bundles in the extravascular areas and were arranged parallel to the running of the survived cardiomyocytes around the infarct area of the BAF-treated rats, were (by electron microscopy) mature smooth muscle cells with the contractile phenotype. The cytoplasm of the smooth muscle cells was tightly filled with thin filaments and contained many dense bodies (specific structures for contractile phenotype smooth muscle cells 19 ) ( Figure 5A ). Myofibroblasts are indistinguishable from the synthetic phenotype smooth muscle cells at electron microscopic levels ( Figure 5B ). Considering this and the time course of the appearance, it is possible that these smooth muscle cells with the contractile phenotype might have been transdifferentiated from the myofibroblasts in the infarct area, although there has been no report on transdifferentiation from cardiac myofibroblasts or synthetic phenotype smooth muscle cells into contractile phenotype smooth muscle cells.
Discussion
There are several possible mechanisms that explain the improvement of postinfarct remodeling and cardiac function by the treatment with BAF. The first is the increase in the ␣-smooth muscle actin-positive cells, collagen, and small vessels as the result of inhibition of granulation tissue cell apoptosis. Myofibroblasts can generate collagen fibers and have actin filaments as a contractile element. The bundles of the smooth muscle cells with the contractile phenotype, running parallel to surviving cardiomyocytes in the extravascular area, may induce improvements in the contractility. The thickened infarct wall, consisting of the increased cell components and collagen, can improve the infarct wall motion by decreasing wall stress. 20 In addition, the increase in small vessels may contribute to maintain the activity of the increased cells in the old infarct tissue. Inhibition of cardiomyocyte apoptosis by BAF is not considered important because of the lack of TUNEL-positive cardiomyocytes even in the vehicle-treated hearts. This seems inconsistent with the recent study by Baldi et al 17 reporting that in human hearts from patients who died 12 to 62 days after MI, high-grade apoptosis of cardiomyocytes was present in the later phases of post-acute MI. However, there are major differences in the methods between that study and ours: (1) humans versus rats; (2) most of the subjects (14 out of 16) in their study had persistently occluded infarct-related arteries, whereas we used the ischemia-reperfusion model. The same group more recently reported significantly reduced cardiomyocyte apoptosis in human hearts with reperfusion 21 ; (3) they used autopsy specimens susceptible to laboratory artifacts, including false-positive TUNEL reaction. Compensatory hypertrophy of cardiomyocytes was independent of the beneficial effects in the BAF-treated group because the cardiomyocyte size was smaller in the BAF-treated hearts than in the vehicle-treated hearts.
Previously, we reported apoptosis of infiltrated leukocytes 2 days after MI and apoptosis of myofibroblasts and vessels 2 weeks after MI. 15 In general, infiltrated leukocytes are considered to enhance damage of cardiomyocytes. 22 Therefore, the treatment with BAF was started on the third day and continued until 4 weeks after MI. Interestingly, despite quitting BAF, the ␣-smooth muscle actin-positive cells and vessels in the infarct area were significantly preserved even at 12 weeks after MI. This suggests that the cells that could have once escaped from such a temporal proapoptotic environment (granulation tissue as chronic inflammatory focus) by an antiapoptotic treatment (BAF in this study) may keep living even after stopping the treatment. On the other hand, inflammatory cells including lymphocytes and macrophages were not resistant against apoptosis and thus not preserved during the chronic stage of MI in the current study. Inflammatory cells are known to show active proapoptotic interactions through death ligands and receptors. 23 Speculatively, apoptotic mechanisms may be differently regulated in these cell types that may have higher sensitivity to apoptotic stimuli compared with the other preserved cells.
At present, many patients have large-sized infarcts followed by heart failure despite the reperfusion therapy. 1, 7 The current findings that the temporal treatment by a caspase inhibitor after MI in the reperfused hearts resulted in beneficial effects in cardiac remodeling and dysfunction may imply a novel therapeutic strategy against progressive chronic heart failure subsequent to MI. 
